Glioblastoma multiforme, the most common brain tumor, typically exhibits markedly increased angiogenesis, which is crucial for tumor growth and invasion. Antiangiogenic strategies based on disruption of the tumor microvasculature have proven effective for the treatment of experimental brain tumors. Here, we have overexpressed human caspase-9 by stable transfection in the SNB19 glioblastoma cell line, which normally expresses low levels of caspase-9. Our studies revealed that overexpression of caspase-9 coupled with radiation has a synergistic effect on the inhibition of glioma invasion as demonstrated by Matrigel assay (465%). Furthermore, sense caspase stable clones cocultured with fetal rat brain aggregates along with radiation showed complete inhibition as compared to the parental and vector controls. During in vitro angiogenesis, SNB19 cells cocultured with human microvascular endothelial cells (HMEC) showed vascular network formation after 48-72 h. In contrast, these capillary-like structures were inhibited when HMEC cells were cocultured with sense caspase stable SNB19 cells. This effect was further enhanced by radiation (5 Gy). Signaling mechanisms revealed that apoptosis is induced by cleavage of caspase-9 by radiation, loss of mitochondrial membrane potential and activation of caspase-3. These results demonstrate that activation of caspase-9 disrupts glioma cell invasion and angiogenesis in vitro. Hence, overexpression of proapoptotic molecules such as caspase-9 may be an important determinant of the therapeutic effect of radiation in cancer therapy.
Introduction
Apoptosis, or programmed cell death, is essential for organogenesis during development, proper function of the immune system, elimination of genetically unstable cells and for maintenance of tissue cells after treatment with chemotherapeutic agents (Vaux and Korsmeyer, 1999) . Genetic studies of apoptosis in the nematode Caenorhabditis elegans have identified crucial regulators of apoptosis (Bergmann et al., 1998) . Gene products ced-3 and ced-4 are required for the execution of apoptosis (Yuan and Horvitz, 1990) , whereas ced-9 protects cells from undergoing apoptosis (Hengartner and Horvitz, 1994) . The mammalian homologues for ced-3, ced-4 and ced-9 are caspase-3 (Casp-3), Bcl-2 and Apaf-1, respectively. Despite the diversity of proapoptotic signals, caspase activation has been consistently implicated as an important component in apoptosis (Los et al., 1999; Wolf and Green, 1999) . In the caspase family, the effector caspases, represented by Casp-3 in particular, are frequently activated in response to various apoptosis inducers and are essential for the execution and completion of apoptosis in many but not all cell types (Porter and Janicke, 1999) . These caspases have been identified as being either dependent on or independent of the mitochondrial release of cytochrome c into the cytosol (Green and Reed, 1998) . The released cytochrome c, together with dATP, binds to Apaf-1, which in turn activates an initiator caspase, Casp-9 (Li et al., 1997) . Another initiator caspase, Casp-8, mainly mediates a cytochrome-independent death signal, which is initiated upon ligation of death receptors (Boldin et al., 1996; Muzio et al., 1996) .
Malignant gliomas are characterized by unrelenting local growth as well as a propensity for direct invasion into the brain. Glioblastoma multiforme (GBMs) is typically, clinically radioresistant and the majority of GBMs recur within or at the margin of the radiation field. Biological factors of GBMs that may contribute to this clinical radioresistance include intrinsic cellular radioresistance, rapid proliferative rate, significant invasiveness and tumor hypoxia. With an increasing understanding of the cellular and molecular mechanisms governing these processes, combining radiation therapy with novel therapeutic agents specifically targeting one or more of these factors holds promise for improving the outcome of therapy for this difficult disease (Suit et al., 1990; Labrousse et al., 1991; Onda et al., 1994; Rampling et al., 1994; Taghian et al., 1995; Maher et al., 2001; Eshleman et al., 2002) . It has been reported that inhibition of the endothelial cell survival pathway (mediated by vascular endothelial growth factor, VEGF) was shown to activate caspases and cause microvascular regression (Nor et al., 2002) . Alternatively, the direct activation of apical proapoptotic caspases is sufficient to disrupt microvessels in vivo (Nor et al., 2002) . In the present study, we have investigated the effect of ectopic overexpression of caspase-9 and irradiation in glioma invasion, migration and angiogenesis in SNB19 human glioma cells.
Results
The eukaryotic expression vector pcDNA3.1 was used to transfect SNB19 (high-grade glioma) cells with 1.2-kb sense procaspase-9 cDNA construct. Stable transfectants were selected with cloning cylinders after 10-15 days and weaned from the selection medium. Clones were grown in the presence of G418 (800 mg/ml)-containing medium. No difference was found in the growth rate among the parental cells, cells transfected with only the empty vector and the SNB19 sense transfectants. We developed several sense clones, which have similar expression levels.
Procaspase-9 protein expression
Cells were grown to 80-90% confluency and proteins were subjected to SDS-PAGE and analysed for caspase-9 protein by Western blotting with anti-human caspase-9 polyclonal antibody. Significantly higher amounts of protein were observed in cell lysates of SNB19 cells transfected with sense stable transfectants caspase-9 as compared to parental and vector controls (Figure 1 ).
Irradiation induces caspase-9 activation in SNB19 cells
To assess the ability of radiation to trigger procaspase-9 in SNB19 cells transfected with the procaspase-9 gene, we checked the immunofluorescence of active caspase-9 in SNB19 and SNB19 cells stably expressing procaspase-9 transfectants with or without radiation (5 Gy). Immunofluorescence with an anticaspase-9 antibody revealed that SNB19 cells and sense caspase-9 stable transfectants (Figure 2 ) upon irradiation have the highest amount of active caspase-9 expression compared to SNB19 parental and irradiated parental cells. These results suggest that procaspase-9 is triggered upon irradiation in SNB19-sense caspase-9 stable clones.
Activation of procaspase-9 inhibits invasive potential in SNB19-Casp-9 clones as indicated by Matrigel and spheroid assays
Invasiveness of SNB19 parental and SNB19-Casp-9 sense stable cells with or without radiation (5 Gy) was measured in a Matrigel invasion assay. The staining of irradiated sense SNB19-Casp-9 stable cells that invaded through the transwell inserts precoated with Matrigel was considerably less intense than the staining of SNB19 parental and vector controls (Figure 3a) . Quantitative measurement of random fields showed that 90 and 95% of SNB19 cells with or without radiation invaded the Matrigel significantly (Po0.001) more than the sense SNB19-Casp-9 stable clone (10-15%) (Figure 3b) .
Fetal rat brain cell aggregates were confronted with spheroids consisting of irradiated SNB19 and sense SNB19-Casp-9 stable clones and nonirradiated SNB19 and sense SNB19-Casp-9 stable cells in an in vitro model of invasion (spheroid assay). Spheroids consisting of the irradiated sense SNB19-Casp-9 stable cells failed to Figure 1 Casapse-9 expression in SNB19 and SNB19-Casp-9 stable transfectants. Western blot analysis of caspase-9 expression in SNB19 cells transfected with a caspase-9 sense construct. In total, 30 mg of total cell lysate was analysed for caspase-9 levels by Western blotting with anticaspase-9 antibody. a-Tubulin was simultaneously immunodetected to verify the loading of similar amounts of cell extracts/protein Figure 2 Immunofluorescence analysis of caspase-9 expression. In all, 2 Â 10 4 SNB19 parental or sense SNB19-Casp-9 transfectant cells with or without radiation (5 Gy) were seeded onto 12-well plates. The cells were washed, fixed in 3% paraformaldehyde and blocked in 5% BSA. The cells were incubated with caspase-9 primary antibody and later with anti-rabbit secondary antibody (HRP). A DAB reagent was used for color development Role of caspase-9 glioma invasion and angiogenesis N Yanamandra et al invade the fetal rat brain aggregates, although spheroids of SNB19 cells with or without irradiation invade the fetal rat brain aggregates (Figure 4a ). Spheroids of sense SNB19-Casp-9 stable cells invaded to a lesser extent. Quantitative analysis of the remaining total rat brain aggregates showed only 10-15% remaining aggregate in parental and vector clones compared with 85-90% remaining aggregate in irradiated sense clones ( Figure 4b ). Figure 5 demonstrates the effect of radiation on caspase-9 activated sense SNB19-Casp-9 stable cells. We used fluorogenic substrates LEHD-pNA and DEVD-pNA to measure caspase-9 and caspase-3 activities respectively. As shown in the figure, caspase-3 (four-fold) and caspase-9 (five-fold) activity was highest in irradiated sense SNB19-Casp-9 stable cells compared to SNB19 with or without radiation and SNB19-Casp-9 stable cells.
Caspases activation
Loss of mitochondrial membrane potential in SNB19 cells expressing the caspase-9 gene
The release of cytochrome c has been shown to be dependent on, and in some cases independent of, changes in mitochondrial membrane permeability (dcM). We studied the changes in mitochondrial membrane potential in SNB19 and sense SNB19-Casp-9 stable cells with or without radiation by measuring the mitochondrial fluorescence of Mitotraker red (Molecular Probes, Oregon, USA) ( Figure 6 ). Opening of the permeability transition pore results in mitochondrial depolarization with a loss of Mitotraker fluorescence. Loss of mitochondrial membrane potential was observed to a greater degree in irradiated sense SNB19-Casp-9 stable cells compared to parental cells with or without radiation. Further loss of mitochondrial depolarization was observed to a lesser degree in nonirradiated sense SNB19-Casp-9 stable cells. Furthermore, counterstaining with Sytox green (Molecular Probes) has clearly demonstrated the apoptotic changes in sense SNB19-Casp-9 stable cells, indicating that activation of caspase-9 induces apoptosis in sense SNB19-Casp-9 stable cells ( Figure 6 ).
Activation of caspase-9 in SNB19 cells disrupts capillary-like structure formation in vitro
Various in vitro and in vivo models have been developed to examine the molecular events that govern angiogenesis. We used one of the routine methods to study in vitro angiogenesis in our lab. This assay mimics certain aspects of in vivo angiogenesis in a reproducible manner. In the presence of angiogenic factors, seeded endothelial cells align and form capillary-like structures. We cocultured human microvascular endothelial cells Spheroid assay. Spheroids of B100 mm size from parental and sense SNB19 caspase stable cells were made by seeding 5 Â 10 4 cells in low-attachment 96-well plates and subjected to continuous shaking at 40 r.p.m. for 5 days. Tumor spheroids were stained with DiI (red fluorescence) and randomized into irradiated or nonirradiated (5 Gy) groups. Tumor spheroids with and without irradiation were cocultured with DiO-stained brain cell aggregates (green fluorescence) obtained from 18 days fetal rat brains. Co-cultures were scanned under a laser-scanning microscope after 24, 48 and 72 h. Quantification of remaining fetal rat brain aggregates by tumor spheroids with and without irradiation as described in 'Materials and methods'. Data shown are the mean7values from four separate experiments in each group Figure 5 Activation of caspase-3 and caspase-9 induced by overexpression of caspase-9 coupled with radiation (5 Gy) in SNB-19 cells. Total protein was isolated from parental or sense SNB19-Casp-9 transfectant cells with or without radiation (5 Gy) and enzyme activity was measured by spectrophotometric detection of the chromophore-p-nitroanilide (pNA) for caspase 3 and 9 using different fluorogenic substrates for caspase 3 and 9 as described in 'Materials and methods'. Data represent 7s.d. from four independent experiments performed in triplicate Role of caspase-9 glioma invasion and angiogenesis N Yanamandra et al (HMEC) in the presence of SNB19 and sense SNB19-Casp-9 stable cells with or without radiation (5 Gy) for 72 h. After we cocultured SNB19 glioblastoma cells with HMEC, a capillary-like network forms after 48 h. Similar structures were less observed in both irradiated SNB19 cells and nonirradiated sense SNB19-Casp-9 stable cells (Figure 7 ). These capillary-like structures are completely inhibited when irradiated sense SNB19-Casp-9 stable cells are cocultured with endothelial cells (Figure 7) .
Expression of active caspase-9 reduces tumor growth in nude mice
To determine whether the activation of caspase-9 is associated with inhibition of tumor growth in vivo, we injected the brains of nude mice with parental SNB19 cells and sense SNB19-Casp-9 stable cells with or without radiation (5 Gy) and then assessed the growth of the implanted cells. All mice injected with parental SNB19 irradiated and nonirradiated, and nonirradiated sense SNB19-Casp-9 stable cells developed tumors. In contrast, mice injected with the irradiated sense SNB19-Casp-9 stable cells showed markedly reduced tumor formation at 4 weeks after injection; the presence of very small tumors was confirmed by histologic examination (Figure 8 ).
Expression of Bcl-2 and cytochrome c proteins SNB19 cells expressing the caspase-9 gene elicited no significant alterations in protein levels of BAD and Bcl-XL with and without irradiation compared to parental cells ( Figure 9 ). Bcl-2, an antiapoptotic protein, was significantly decreased in irradiated sense SNB19-casp-9 stable cells 9(0.2-fold) as compared to parental SNB19 cells with or without radiation and sense SNB19-Casp-9 cells without irradiation. On the other hand, Bax, a proapoptotic protein, showed a high expression in irradiated sense SNB19-Casp-9 stable cells (4.3-fold) when compared to nonirradiated SNB19-Casp-9 cells. There was also an elevation of Bax protein in irradiated SNB19 cells (2.6-fold) compared to nonirradiated SNB19 cells, but the expression was lower than the irradiated sense SNB19-casp-9 stable cells, suggesting that the irradiation has some degree of effect on SNB19 cells. Further, we observed highest cytosolic cytochrome Figure 6 Overexpression of caspase-9 combined with radiation activates mitochondrial pathway in SNB19 cells. In all, 2 Â 10 4 SNB19 parental or SNB19-Casp-9 transfectant cells with or without radiation (5 Gy) were seeded in eight-well chamber slides. The live cells were stained with Mitotracker, a stain specific for mitochondria, and counterstained with Sytox green (nuclear staining). The specimens were examined under fluorescence microscope at a magnification of Â 40 Figure 7 Activation of caspase-9 by radiation inhibits capillarylike structure formation in vitro. In all, 2 Â 10 4 SNB19 parental or sense SNB19-Casp-9 stable transfectant cells with or without radiation (5 Gy) were cocultured with 4 Â 10 4 human endothelial cells. After 72 h, the cells were fixed, stained for factor VIII antibody and then stained with FITC-conjugated secondary antibody. The cells were viewed using a fluorescence microscope (Olympus Model BX61, USA) and with the help of software (Image prodiscovery), four random fields were selected to measure the tube length Figure 8 Intracranial implantation of tumors in the brains of nude mice. In all, 2 Â 10 6 cells of SNB19 parental or sense SNB19-Casp-9 transfectant cells with or without radiation (5 Gy) were implanted into mouse brains. Five mice were injected in each group. After 4 weeks, the mice were killed, brains removed, fixed in formaldehyde, sectioned and stained (H&E). The stained sections were viewed under a microscope (Olympus BX61, USA)
Role of caspase-9 glioma invasion and angiogenesis N Yanamandra et al c accumulation in irradiated sense SNB19-Casp-9 stable cells (4.8-fold). No significant amount of cytochrome c was observed in SNB19, irradiated SNB19 or nonirradiated sense SNB19-Casp-9 stable cells (Figure 9 ).
Irradiation of SNB19 cells triggers p53-mediated apoptosis
To explore whether activation of caspase-9 by irradiation augments p53-mediated apoptosis, SNB19 and SNB19-Casp-9 cells were irradiated (5 Gy) and the total proteins were subjected to immunoblotting for various molecules involved in apoptosis. As shown in Figure 10 , p53 is readily re-expressed in SNB19 cells upon radiation (15.5-fold). Transfection of SNB19 cells with the sense caspase-9 gene further enhanced the expression of p53 protein levels (16.38) and more so with irradiation. Apoptosis protease activating factor (Apaf-1) is a human protein homologous to C. elegans ced-4 that participates with Casp-9 in the cytochrome c dependent activation of Casp-3, which leads to apoptosis. In the irradiated sense SNB19-Casp-9 cell line, we found the upregulation of Apaf-1 in SNB19-Casp-9 irradiated cells (6.1-fold) compared to irradiated and nonirradiated SNB19 cells and nonirradiated SNB19-Casp-9 cells. We observed cleavage of PARP slightly in irradiated SNB19 cells. However, the expression of both the cleaved (85 kDa) and uncleaved (115 kDa full-length protein) fragments was higher in irradiated sense SNB19-Casp-9 stable cells (2.4-fold), suggesting more damage to PARP by activation of caspase-9 via irradiation.
Discussion
There are several reports regarding the involvement of caspases in radiation-induced apoptosis (Belka et al., 1999 (Belka et al., , 2000 Uchida et al., 2002) . We investigated the impact of overexpression of caspase-9 and subsequent activation by irradiation in the migration and invasion of SNB19 glioma cells. Tumor cell invasion, which is defined as the ability of cells to penetrate the extracellular environment, is the major cause of therapeutic failure in malignant gliomas. Various invasion model systems in vivo and in vitro have been developed to study brain tumor invasion such as the scratch technique in a confluent cell monolayer (Majack and Clowes, 1984; Murugesan et al., 1993; Sarkar et al., 1996) , Matrigel (Melchiori et al., 1987; Bae et al., 1993) and fetal rat brain cocultures (Pedersen et al., 1993) . In the present study, we employed two models of invasion, the Matrigel and spheroid assays. The Matrigel invasion assay showed strong impaired invasive potential of the irradiated SNB19 cells expressing the caspase-9 gene (Figure 3 ). Cell-cell contacts impose increased radioresistance and cells in spheroids can be more radioresistant than the corresponding monolayer due to the aforementioned well-developed cell-cell contacts (Durand and Sutherland, 1972) . In the present study, we coco-cultured tumor spheroids and fetal rat brain aggregates. The SNB19 parental spheroids with or without radiation invaded fetal rat brain aggregates after 72 h and a similar pattern was observed with SNB19 cells expressing the caspase-9 gene. However, there was a complete inhibition of tumor invasion in irradiated sense SNB19-Casp-9 stable cells (Figure 4 ). This suggests that although the spheroids are more robust and radioresistant than monolayer cells, the activation of caspase-9 by irradiation inhibited the cells from Figure 9 Activation of caspase-9 by radiation triggers mitochondrial-mediated apoptosis in SNB19 cells. Total cell lysates were collected from SNB19 parental cells and SNB19-caspase-9 transfectants with or without radiation (5 Gy). Western blot analysis was performed with 30 mg of the total cell extracts and analysed for the expression of mitochondrial proteins: cytochrome c, Bax, Bcl-2, Bcl-XL and BAD). a-Tubulin was simultaneously immunodetected to verify the loading of similar amounts of cell extracts/protein. All the blots were densitometrically scanned (Alpha Innotech Inc., San leandra, CA, USA) and fold expression was calculated using software (Chemiimager 5500) Figure 10 Overexpression of caspase-9 combined with radiation activates p53-mediated apoptosis in SNB19 cells. Total cell lysates were collected from SNB19 parental cells or SNB19-caspase-9 transfectants with or without radiation (5 Gy). Western blot analysis was performed with 30 mg of the total cell extracts and analysed for the expression of p53, caspase-3, Apaf-1 and PARP. aTubulin was simultaneously immunodetected to verify the loading of similar amounts of cell extracts/protein. The blots were subsequently densitometrically scanned (Alpha Innotech Inc., San leandra, CA, USA) and analysed using software (Chemiimager 5500)
Role of caspase-9 glioma invasion and angiogenesis N Yanamandra et al invading into the fetal rat brain aggregates. Western blot and immunohistochemical analysis showed much higher levels of caspase-9 in sense SNB19-Casp-9 stable cells after radiation compared to parental cells with and without radiation and sense SNB19-Casp-9 stable cells without radiation (Figure 1 and 2) . Angiogenesis is a decisive step in several pathological manifestations caused by defective or excessive angiogenesis. The development of appropriate strategies for pharmacological intervention in blockage of new vessel formation is at the forefront of biomedical research. A substantial body of experimental reports suggests a link between glioma cell invasion and glioma-associated angiogenesis (Vajkoczy et al., 1999; Giese and Westphal, 2001) . We have cocultured tumor cells with or without radiation with HMEC. We observed a significant rearrangement of endothelial cells in the presence of tumor cells after 48 h, indicating that activation of caspase-9 by irradiation altered the normal angiogenic pattern in sense SNB19-Casp-9 stable cells in vitro (Figure 7 ). The present study also supports earlier studies where glioma cell invasion and migration were associated with tumor-associated angiogenesis. The exact mechanisms underlying this relationship are unclear. Vajkoczy et al. (1999) suggested a putative mechanism by which glioma-induced angiogenesis may facilitate glioma cell invasion; new peritumoral microvessels that originate from the adjacent tissue and grow toward the tumor mass simply provide a trail for migrating cells. Further irradiated sense SNB19-Casp-9 stable cells did not form tumors or very small tumors compared to SNB19 parental cells with and without irradiation and nonirradiated sense SNB19-Casp-9 stable cells (Figure 8) .
In this study, we found that the activation of exogenous caspase-9 SNB19 cells by irradiation greatly enhanced p53-mediated apoptotic cell death in comparison with that induced by overexpression of caspase-9 alone. These results are similar to those of the Shinoura et al. (2002) study. They demonstrated that cotransduction of Apaf-1 and caspase-9 enhanced p53-mediated apoptosis. In the present study (Figure 10 ), we have shown that the combination of ectopic expression of caspase-9 and irradiation triggers a similar pathway (p53-mediated apoptosis). Caspase-9 associates with Apaf-1 and oligomerization of this complex in the presence of cytochrome c and dATP initiates the postmitochondrial-mediated caspase cascade through proteolytic activation of effector caspase, thereby resulting in apoptosis (Li et al., 1997; Zou et al, 1997) . The present study revealed that Apaf-1 expression is higher SNB19-Casp-9 cells (Figure 10 ). These results are comparable to other studies where Apaf-1 is necessary for oligomerization with active caspase-9 (Figure 10) . We focused our attention on poly(ADP-ribose) polymerase (PARP), a repair enzyme that is cleaved and inactivated by Casp-3 and Casp-7 (Chinnaiyan et al., 1996; Duan et al., 1996) . In addition, various apoptosisinducing agents, including UVB light, staurosporine, etoposide, actinomycin D and ara-C can provoke the release of cytochrome c from the mitochondria (Kluck et al., 1997; Soengas et al., 2001) . The release of cytochrome c in response to irradiation has been previously demonstrated (Pedersen et al., 1993) . Cells undergoing cell death were found to exhibit elevated cytochrome c in the cytosol. In contrast, cells overexpressing Bcl-2 prevented the efflux of cytochrome c from the mitochondria and the initiation of apoptosis (Yang et al., 1997; Pan et al., 1998; Motyl, 1999) . Correlating with these reports, our results also demonstrate a significant increase of cytochrome c level in SNB19-Casp-9 cells undergoing apoptosis. Additionally, this study confirmed that overexpression of caspase-9 coupled with irradiation enhances Bax protein levels and suppresses Bcl-2 protein levels ( Figure 9 ).
In summary, our results indicate that ectopic expression of caspase-9 and its activation by irradiation inhibits glioma invasion, angiogenesis (in vitro) and triggers p53-mediated caspase activation in SNB19 glioma cells. In the context of gene therapy, the combination of gene transfer of a proapoptotic molecule and irradiation might be useful since neither one of them alone is sufficient for a significant antitumor effect.
Materials and methods

Cell culture conditions
An established human glioma cell line SNB19 (kindly provided by Dr Richard Morrison, MD, Anderson Cancer Center, Houston TX, USA) was used in the current study. The cells were maintained in Dulbecco's modified Eagle's medium/F12 medium (1 : 1 v/v) supplemented with 10% fetal bovine serum in a humidified atmosphere containing 5% CO 2 at 371C. The media and serum were purchased from Sigma Chemical Co. (St Louis, MO, USA).
Radiation treatments
A single dose (5 Gy) of radiation using an X-Ray irradiator at a dose rate of 670 cGy/min was given to the monolayer SNB19 and SNB19-Casp-9 cells. For the spheroids, a fractionated dose (2.5 Gy) was given for 3 days.
Preparation of constructs
A 1.2-kb fragment of human caspase-9 was cloned into a mammalian expression vector pcDNA3.1 in sense orientation (Invitrogen, San Diego, CA, USA). Fragment orientation was confirmed by restriction digestion and subsequent sequencing with an automated sequencer (Applied Biosystems Inc., USA). Our construct showed 100% homology with the published sequence of caspase-9 cDNA.
Transfection of SNB19 cells with the human caspase-9 sense cDNA construct SNB19 cells were transfected with the 1.2-kb (sense) cDNA construct using Lipofectamine (Life Technologies, Gaithersburg, MD, USA). Cells were grown overnight (4 Â 10 5 cells/60-mm dish), washed with phosphate-buffered saline (PBS) and treated with 1-2 mg of plasmid DNA in 100 ml of serum-free medium. Lipofectamine (6 ml diluted in 100 ml of serum-free medium) was added dropwise to the DNA. After 56 h, the medium was replaced with DMEM containing 10% fetal bovine serum. Selection began 48 h after transfection by growing the cells in complete medium containing G418 (800 mg/ml; Life Technologies). Every 3 or 4 days, transfected cells were passaged and always grown in the presence of G418. We intermittently checked the selected clones with Western blotting for the presence of caspase-9 expression. Selected stable transfectants were expanded and used for subsequent studies.
Matrigel invasion assay
Invasion of the glioma cells in vitro was measured by the invasion of cells through Matrigel-coated (Collaborative Research Inc., Boston, MA, USA) transwell inserts (Costar, Cambridge, MA, USA) according to a previously described procedure (Go et al., 1997) . Briefly, transwell inserts with 8 mm pore size were coated with a final concentration of 0.78 mg/ml of Matrigel in cold serum-free DMEM. Cells were trypsinized and 200 ml of cell suspension (1 Â 10 6 cells/ml) from each treatment was added to triplicate wells. After a 48 h incubation period, the cells that passed through the filter into the lower wells were quantitated by counting the random fields and expressed as a percentage of the sum of the cells in the upper and lower wells (Mohanam et al., 1993) .
Three-dimensional spheroid invasion model
Multicellular spheroids were cultured in 96-well low attachment plates (Costar) prepared in DMEM F-12. Briefly, 5 Â 10 4 cells were suspended in 100 ml of medium, seeded onto 96-well ultralow attachment plates and continuously shaken at 40 r.p.m. for 5 days. Similarly, 1-day-old fetal rat brain cells were seeded and cultured for 21 days. The invasiveness of glioma spheroids was measured in a three-dimensional model (Pedersen et al., 1993) , in which the spheroids were stained with DiI and cultured with fetal rat brain aggregates stained with DiO. Then, the tumor spheroids were randomized into irradiated (5 Gy) and nonirradiated groups. At various culture intervals, serial 1-mm optical sections were obtained with the aid of a confocal laser-scanning microscope from the surface to the center of the cocultures. DiI and DiO fluorescence (Molecular Probes Inc, Eugene, OR, USA) were detected with an argon laser at 488 nm with a band pass filter at 520-560 nm (DiI) and a helium/neon laser at 543 nm with a long pass filter at 590 nm (DiO). The remaining volumes of the rat brain aggregates and tumor spheroids at 24, 48 and 72 h were quantitated as described previously (Go et al., 1997) .
Flow cytometric assay
Approximately 2 Â 10 5 irradiated (5 Gy) and nonirradiated SNB19 and SNB19-Casp-9 cells were harvested and washed twice with PBS. The cells were then washed with ice-old CMFH (calcium and magnesium free HEPES) buffer and fixed in 70% ethanol. For FACS analysis, the cells were washed twice with CMFH buffer, pelleted and resuspended in CMFH buffer. To label chromosomal DNA with propidium iodide (PI), the cells were incubated with 50 mg/ml of PI (Calbiochem, La Jolla, CA, USA) and 500 mg/ml RNase (Sigma, St Louis, MO, USA) for 30 min at room temperature. FACS analysis was performed using Coulter(R) Epics. Cell cycle analysis was performed using multicycle software.
Immunoblotting analysis
Total cell lysates were prepared by incubating the cells in RIPA buffer (150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 20 mM EDTA and 50 mM Tris, pH 7.4) for 1 h at 41C. In total, 30 mg of protein from each sample was subjected to either 12 or 10% SDS-Tris-glycine gel electrophoresis and transferred onto a nitrocellulose membrane (Bio-Rad Labs, CA, USA). The membrane was blocked with 5% nonfat dry milk, 0.1% Tween-20 in PBS for 1 h. The primary antibodies employed were directed against caspases (3, 8 and 9), cytochrome c and PARP (Pharmingen Laboratories, USA). The secondary antibodies were horseradish peroxidase-conjugated anti-rabbit and anti-mouse IgG (Amersham, Arlington Heights, IL, USA). The membranes were developed according to the manufacturer's protocol (Amersham).
Immunofluorescence assay
A total of 1 Â 10 4 cells were seeded in eight-well chamber slides and separated into irradiated (5 Gy) and nonirradiated groups. After 2 days, cells were washed twice with PBS and incubated in growth medium containing 100 nm of Mitotracker. After staining the live cells, the cells were washed and fixed in 3.7% formaldehyde for 15 min at 371C. Cells were then washed twice with PBS and incubated in PBS containing 0.2% Triton X-100 at room temperature for 5 min. Following permeabilization, the cells were rinsed in PBS and counterstained with SYTOX green (Molecular Probes, USA) and viewed under a microscope. For caspase-9 staining, 2 Â 10 4 SNB19 parental cells or SNB19-caspase-9 transfectants with or without radiation (5 Gy) were seeded onto 12-well plates. The cells were washed, fixed in 3% paraformaldehyde and blocked in 5% BSA. The cells were incubated with caspase-9 primary antibody and later with anti-rabbit secondary antibody (HRP). DAB reagent was used for color development and the cells were viewed under microscopy (Olympus BX61, USA).
Caspases activation assay
Approximately 2 Â 10 5 cells were used for the measurement of caspase activities. Caspase-9 and -3-like activity was measured using proteolytic cleavage of fluorogenic substrate LEHD and DEVD-pNA (MBL International, San Diego, CA, USA). Briefly, 40-100 mg of cell lysate was incubated at 371C for 1 h with 200 mM substrate. The samples were read at 405 nm using an automatic microtiter plate reader (Bio-Rad Laboratories, CA, USA).
Intracerebral injection
To examine the in vivo effects of the upregulation of caspase-9 produced by the transfection and followed by irradiation, we injected suspensions of transfected cells (sense) and parental cells with or without radiation (5 Gy) into the brains of athymic mice. A total of 20 mice were used, five each per transfected and parental cells and five each for the irradiated conditions. Cells were trypsinized and resuspended in serumfree medium at a concentration of 2 Â 10 5 cells/ml. The mice were anesthetized with an i.p. injection consisting of 50 mg/kg ketamine, 25 mg/kg xylazine and injected intracerebrally with a 10-ml aliquot (2 Â 10 5 cells/ml) of the specified cell type with the aid of a stereotactic frame as described previously (Go et al., 1997) . After 4 weeks, the mice were killed via intracardiac perfusion, first with PBS and then with 4% paraformaldehyde in normal saline. The brains were removed, placed in 4% paraformaldehyde for 4 h and then incubated for 2 days in 30% sucrose in PBS at 41C. The following day, the brains were cut, embedded in microscopic slides and frozen at À201C. Cryostat sections were stained with hematoxylin and eosin to examine tumor growth. The variation between the sections in each group was less than 10%.
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In vitro angiogenesis
In total, 2 Â 10 4 SNB19 parental cells or SNB19-caspase-9 transfectants with or without radiation (5 Gy) cells were cocultured with 4 Â 10 4 HMEC in an eight-well chamber Lab-tech slides. After 72 h, cells were fixed and stained with factor VIII antibody and then with FITC-conjugated secondary antibody. The cells were viewed under fluorescence microscopy and the images were quantified for microvascular length using ImagePro-Discovery software.
Abbreviations VEGF, vascular endothelial growth factor; HUVEC, human umbilical vascular endothelial cells; GBMs, glioblastoma multiforme; PBS, phosphate buffered saline; DiI, 1 0 -dioctadecyl-3,3,3 0 ,3 0 -tetramethylindocarbocyanineperchlorate; DiO, 3, 3 0 -dioctadecyloxacarbocyanine perchlorate; ECM, extracellular matrix.
